Abstract-A need is recognized for the development and evaluation of bioassays for detection of thyroid system-disrupting compounds. The issue of testing for thyroid disruption can be addressed by exploiting amphibian metamorphosis as a biological model. In the present study, a test protocol for a Xenopus metamorphosis assay (XEMA) was developed and its interlaboratory transferability was evaluated in an informal ring test with six laboratories participating. In the XEMA test, exposure of Xenopus laevis tadpoles was initiated at stages 48 to 50 and continued for 28 d. Development and growth of tadpoles were assessed by means of developmental stage and whole body length determinations, respectively. For initial test protocol evaluation, thyroxine (T4), and propylthiouracil (PTU) were used as positive controls for thyroid system-modulating activity, and ethylenethiourea (ETU) was used as a test compound. Exposure of tadpoles to 1 g/L T4 produced a significant acceleration of metamorphosis whereas PTU concentrations of 75 and 100 mg/L completely inhibited metamorphosis. Five different ETU concentrations (5, 10, 25, 50, and 100 mg/L) were tested and a concentration-dependent inhibition of metamorphosis was observed. None of the compounds affected tadpole survival, and only PTU caused a slight retardation in tadpole growth. This study demonstrates that the XEMA test provides a sensitive, robust, and practical testing approach for detection of compounds with both agonistic and antagonistic effects on the thyroid system in Xenopus tadpoles.
INTRODUCTION
In the past several years, the issue of endocrine-disrupting activities of environmental compounds has received a great deal of attention in toxicological, ecotoxicological, and epidemiological studies [1, 2] . With respect to the increasing number of compounds that are suspected to act as potential endocrine disruptors (ED), a tiered testing strategy recently has been proposed for the evaluation of the many existing and newly produced chemicals for endocrine-disrupting activity [3] [4] [5] . In this regard, effects of ED on reproductive biology by far have been attracting the most attention [6, 7] . However, recent reviews on possible thyroid system-disrupting effects of environmental chemicals strongly support the hypothesis that the thyroid system represents another important target of ED action [8] [9] [10] . The current bias of research activities on ED with (anti-)estrogenic and (anti-)androgenic properties appears to be, at least in part, a result of the fact that more and better validated bioassays are available to evaluate responses associated with chemical disruption of sex steroid function [7, 11, 12] compared to disruption of thyroid system function [6, 13, 14] . By focusing attention on thyroid toxicants disrupting thyroid hormone (TH) homeostasis, current mammalian testing strategies mainly rely on measurements of plasma concentrations of thyroxine (T4), triiodothyronine (T3), and thyroidstimulating hormone as well as on histopathological analysis of the thyroid gland [15, 16] . These testing strategies pay only little attention to the possible effects of ED on TH signaling in peripheral tissues [10] . However, there is growing evidence for agonistic and antagonistic action of ED on cellular TH signaling [17] [18] [19] [20] . Accordingly, disruption of TH action in target tissues should deserve adequate consideration as a possible mode of action when developing a comprehensive testing strategy for thyroid system disruption.
Postembryonic development in anuran amphibians (metamorphosis) is one of the best-studied biological models for TH function and, therefore, anuran metamorphosis represents a valuable biological model to investigate the effects of ED on various aspects of thyroid system functioning [21] . Furthermore, the development of a functional amphibian metamorphosis assay for detection of ED affecting thyroid system function has been recognized as an important research need toward the establishment of a comprehensive screening and testing strategy for endocrine disruption [6, 22] . The regulatory role of THs during anuran metamorphosis has been studied at all levels of biological organization [23] . Anuran metamorphosis is dependent obligatorily on THs, best exemplified by the fact that surgical removal of the thyroid gland or chemical blockage of TH synthesis leads to complete blockade of metamorphic development [23] . The thyroid system of anuran tadpoles responds to treatment with classical antithyroidal agents (e.g., perchlorate, propylthiouracil, methimazole) in a fashion similar to that seen in mammals. Exposure of tadpoles to such goitrogens not only has been shown to retard metamorphic development but also to cause reductions in plasma TH levels accompanied by hypertrophic and hyperplastic changes in the thyroid and pituitary glands [24] [25] [26] . On the other hand, addition of minute amounts of THs to the rearing water of tadpoles during premetamorphosis leads to a precocious induction of metamorphosis [27] . The highly reproducible and stereotypic response pattern shown by premetamorphic tadpoles following TH treatment offers considerable potential for identification of thyromimetic activities of ED under in vivo conditions. Although the circulating levels of TH provide a major factor in the regulation of amphibian metamorphosis, the highly coordinated remodeling of diverse tadpole tissues also is critically dependent upon various cellular factors controlling T3 action in target cells [23, 27] . It is particularly the latter aspect that makes the process of amphibian metamorphosis an attractive and unique biological model for testing of thyroid system-disrupting compounds. Accordingly, an amphibian metamorphosis assay may provide a simple means for detection of both antithyroidal as well as thyromimetic activities of environmental compounds. Previous attempts to establish an amphibian-based assay for thyroid system disruption used X. laevis tadpoles at late developmental stages [28] , but results were unsatisfactory, particularly with regard to the sensitivity of the assay to detect stimulating and inhibiting effects of known thyroid system agonists and antagonists [6, 29] .
In this study, an alternative testing protocol for a Xenopus metamorphosis assay (XEMA) was developed specifically to address ED effects on the thyroid system. During test development, special emphasis was placed on the ability of the test protocol to detect sensitively both antithyroidal and thyromimetic activities of test compounds. Furthermore, attention was given to the practicability of the test system in order to facilitate its widespread use. Therefore, the core elements of the testing approach taken were initiation of exposure at premetamorphic stages and determination of developmental stages as an easily measurable endpoint to monitor tadpole development throughout the exposure period. The utility of this testing approach was evaluated in experimental studies using known thyroid system agonists and antagonists such as T4 and propylthiouracil (PTU) [30] and an informal ring-test study was performed to characterize the general interlaboratory transferability of the testing protocol. Ethylenethiourea (ETU) was selected as a test compound for the initial evaluation of the XEMA test because of its well-documented ability to disrupt thyroid system function in mammalian species. Studies have shown that ETU inhibits TH synthesis in mammals by inhibition of thyroid peroxidase activity [31] and treatment of rats with ETU caused large reductions in circulating TH levels accompanied by increased plasma levels of thyroid-stimulating hormone, increases in thyroid gland weight and thyroid gland hyperplasia [32] [33] [34] . To the best of our knowledge, data on thyroid system-disrupting effects of ETU in anuran tadpoles were not available. However, information available suggested moderate to low toxicity of ETU to X. laevis tadpoles [35] . The results presented in this paper provide evidence that known mammalian thyroid system-disrupting compounds are capable of affecting metamorphosis in X. laevis tadpoles and show that a morphological metamorphosis assay could provide a simple means to detect antithyroidal as well as TH-mimicking activities of ED.
METHODS

Description
Test species. The South African clawed frog X. laevis was selected as a test species because the biological processes and their regulation by TH during postembryonic development are particularly well explored. Extensive investigations on metamorphic development have made this species one of the leading resources for understanding TH function during vertebrate development [23] , and revealed a great amount of baseline information on various morphological, histological, biochemical, and molecular biological aspects of metamorphic transformations [23, 36, 37] . Embryonic and larval development in X. laevis has been divided into 66 stages [36] , and the relationship between the functional state of the thyroid system and the progress of metamorphic development is well-documented in this species. The premetamorphic period (stage 37 to stages 53/54) is characterized by rapid growth of tadpoles with only minor morphological changes occurring during this period [36] . Thyroid follicular formation starts around stages 46/47 in X. laevis tadpoles [38] , and the thyroid gland develops into a functional gland until stage 53 [36] . Accordingly, TH levels are very low during premetamorphosis [39] and premetamorphic development (e.g., forming of hind limb buds) appears to be independent of TH. Hind limb growth and differentiation are the earliest TH-induced modifications marking the onset of the prometamorphic period at stages 54/55. Levels of circulating TH steadily increase in tadpoles during prometamorphosis [39] stimulating further morphogenesis and differentiation of the limbs. Fore limbs emerge at stage 58, which marks the beginning of the climax phase of metamorphosis, a period during which rapid and dramatic changes occur in morphology (e.g., gill and tail resorption) under the influence of peaking TH levels [39] . At the end of metamorphosis (stage 66), TH levels decline to lower levels.
The ease of culture and reproduction makes this anuran species the preferable test species for routine testing [40, 41] . Large numbers of embryos can be obtained easily on demand in the laboratory, because breeding can be induced by injection with human chorionic gonadotropin throughout the year. Optimal rearing conditions for X. laevis larvae are easy to achieve in ecotoxicological laboratories [40, 41] and tadpoles can be reared in great numbers to specific developmental stages. Compared to many other anuran species, metamorphic development in X. laevis proceeds relatively rapid, thus allowing for shorter test periods. From a toxicological perspective, it is important to note that X. laevis tadpoles have been used in numerous studies investigating the effects of environmental chemicals on metamorphosis providing a considerable database on lethal and sublethal effect concentrations for many substances [42] . In the majority of published studies, static or semistatic exposure systems have been employed for chemical treatment of X. laevis tadpoles. However, for compounds displaying rapid degradation, flow-through techniques may be required in order to meet more closely the demands of aquatic toxicology testing. Although recent studies indicate that the use of flowthrough systems is not detrimental to X. laevis tadpole development [43] , a comparative analysis of tadpole development under flow-through and static-renewal exposure condi-tions is required to obtain more information on the advantages and disadvantages of each of these exposure techniques.
Animals and husbandry. During this evaluation study, all tests were performed with animals bred in the laboratory. Spawning of adult X. laevis was induced by injection of human chorionic gonadotropin (Sigma, Deisenhofen, Germany) into the dorsal lymph sac as described by Kloas et al. [44] . Breeding of adult Xenopus, induction of spawning, and initial rearing conditions for spawned eggs and newly hatched larvae are described in greater detail elsewhere [44] . Briefly, eggs and larvae were maintained at 22 Ϯ 1ЊC and pH 7.0 Ϯ 0.5 during all phases of development. The light:dark cycle was 12:12-h. All tanks used for rearing of tadpoles were aerated continuously by airstones. The rearing medium was formulated by adding 2.5 g of the commercial salt mixture Tropic Marine Meersalz (Tagis, Dreieich, Germany) to 10 L of deionized water. This medium was used for rearing of eggs and tadpoles during the pre-exposure period and provided the dilution water for formulation of test solutions during the actual exposure phase. Spawned eggs and developing larvae initially were reared in large holding tanks (e.g., 50-L tanks) filled with 40 L of rearing medium. Upon reaching stages 47/48, tadpoles were transferred from the holding tanks to smaller test tanks (glass aquaria, 11 L) containing 10 L of rearing medium. Larval density was reduced to 40 to 45 tadpoles per 10 L at this time. Tadpoles were reared under these conditions for 2 to 3 d to allow for a first acclimation to subsequent test conditions (e.g., water level, tank water volume, light intensity). During all phases of development, tadpoles were fed daily a commercial tadpole food, Sera Micron (Sera, Heinsberg, Germany). Feeding of tadpoles started at day 5 postfertilization. The amount of food was adjusted as needed so that the water became clear within 24 h. During the pre-exposure phase, the total daily food ration was increased to accommodate tadpole growth.
General protocol. The XEMA test involved aqueous exposure of premetamorphic tadpoles to five different concentrations of the test compound and a solvent control (SC) for 28 d in a static replacement exposure system. The exposure design consisted of at least two replicate tanks for each treatment group. The test was initiated with tadpoles at developmental stages 48 to 50 according to the staging criteria described by Nieuwkoop and Faber [36] . At stages 48 to 50, tadpoles should have reached a whole body length (WBL) of 16 to 25 mm and only tadpoles at developmental stages 48 to 50 with a WBL Ͼ 16 mm were considered for the exposure phase. Tadpoles that meet these criteria were assigned randomly to the test tanks. Test tanks were filled with 10 L of test solution and 30 tadpoles were placed in each test tank resulting in a larval density of three tadpoles per liter. Test solutions were replaced completely three times a week (Monday, Wednesday, Friday), at which time tadpoles were removed from the test tanks by gentle scooping using a small strainer in order to avoid any injury of the test organisms. Toxic effects arising from the use of latex gloves [45] have been reported, and so we recommend using vinyl or nitril gloves during exchange of test solutions. Before refilling the test tanks with fresh test solution, the inner tank sides, the bottom, and the glass covers were cleaned with warm tap water, followed by thorough rinsing with deionized water.
During the test, tadpoles were fed daily a specified amount of Sera Micron. The food was added to the test tanks as dry food according to the following schedule: 200 mg/day from exposure days 0 to 5 and 300 mg/day from exposure days 6 to 28. In conjunction with the renewal schedule of the test solutions, this feeding regime was sufficient to maintain adequate water quality and has been found to ensure proper growth and development of X. laevis tadpoles [44] .
Biological endpoints. The primary endpoint for the XEMA test is the developmental stage [36] to which the tadpoles develop during 28 d of exposure. Antithyroidal compounds (e.g., PTU) are expected to retard metamorphic development, causing lower developmental stages compared to untreated controls. On the other hand, compounds that mimic or enhance TH action (e.g., T4) would cause accelerated metamorphic development leading to more advanced developmental stages compared to untreated controls. Measurements of WBL were performed in order to determine possible effects of test substances on the growth rate of tadpoles. Although measurements of tadpole weight might provide a more precise estimation of tadpole growth, weight determinations during the course of the experiments technically are more demanding and would cause greater handling stress to the test organisms.
For determinations of developmental stage and WBL, tadpoles were removed from the test tanks by scooping with a small strainer and transferred to a transparent plastic chamber approximately 80 ϫ 30 ϫ 15 mm containing a few ml of test solution. It was not necessary to anaesthetize the tadpoles for this procedure. Experimental animals were handled carefully during this transfer in order to minimize stress and avoid any injury to the tadpoles. The developmental stage of all test animals was determined according to the staging criteria of Nieuwkoop and Faber [36] by using a binocular dissection microscope. For length measurements, the transparent measurement chamber was placed on a length scale that allows length measurements to the nearest mm. Alternatively, length measurements can be performed using an image analyzing system. Developmental stage and WBL were determined for each tadpole at the beginning of the exposure (day 0) and again on days 7, 14, 21, and 28 of exposure.
In addition, all test tanks were checked daily for dead tadpoles, and the numbers were recorded. Dead tadpoles were removed from the test tanks as soon as observed. Further measurements of nonspecific toxicity could be incorporated into the XEMA test protocol, including the monitoring of tadpoles for abnormal behavior (e.g., uncoordinated swimming, hyperventilation, atypical quiescence) or malformations (e.g., limb deformities, kinked tails). Such effects, although difficult to quantify, can aid in the interpretation of test results by providing some information on additional toxic side effects of the test substances. However, at this stage of the XEMA evaluation process, no distinct criteria for a qualitative and quantitative assessment of possible morphological or behavioral abnormalities are provided.
Evaluation
Organization of the ring test. The utility of the XEMA testing protocol to detect thyroid system-disrupting effects was evaluated in a series of experiments performed in six laboratories during an informal international ring-test study [44] . The ring-test study was organized and coordinated by the Department of Inland Fisheries at the Leibniz-Institute of Freshwater Ecology and Inland Fisheries in Berlin, Germany. For standardization of test performance between laboratories, a standard operation procedure [44] was developed by the organizing laboratory in Berlin and provided to all participants. R. Opitz et al. Initially, all participating institutions (Table 1) were asked to perform the XEMA test only with animals bred in their own laboratories. However, one laboratory (laboratory 3) did not maintain a breeding stock of adult X. laevis and, in order to keep within the time schedule for the ring test, it was decided to transport newly hatched larvae a short distance from laboratory 2 to laboratory 3 on demand.
The salt mixture Tropic Marine Meersalz and the tadpole food Sera Micron were purchased in bulk quantities from the same lot and were then shipped to each laboratory. The test chemicals T4, PTU, and ETU were purchased from Sigma at the highest purity available. Unfortunately, it was not possible to obtain bulk quantities of the test chemicals (ETU, PTU, and T4) from the same lot. Hence, different lots of the test chemicals had to be used during this study. Stock solutions of T4 were prepared in 0.1 M NaOH (Roth, Karlsruhe, Germany). Stock solutions of PTU and ETU were made in 0.7 M NaOH and 1% dimethylsulfoxide ([DMSO], Sigma), respectively.
Experimental design. In all experiments conducted during the ring-test study, tadpoles were exposed to nominal concentrations of 5, 10, 25, 50, and 100 mg/L ETU (n ϭ 2 tanks for each concentration) and 0.01% DMSO as a SC (n ϭ 3 tanks). Further treatments with 75 or 100 mg/L PTU (n ϭ 3 tanks) and 1 g/L T4 (n ϭ 3 tanks) represented positive control groups for antithyroidal and thyroid system agonistic activities, respectively. In preliminary experiments, DMSO did not affect developmental rates, growth, or survival of tadpoles at concentrations up to 0.1% (data not shown). Therefore, it was decided to omit the use of a dilution water control during this initial evaluation study in order to reduce the number of test animals. Notably, no effects of DMSO on the apical endpoints used in this study were detected in XEMA test trials performed in laboratory 5 where the experimental setting included both SC and dilution water control treatment groups [44] . The concentrations of T4, PTU, and ETU used in this study were selected on the basis of results from preliminary range-finding experiments that were performed in the Berlin laboratory. Two concentrations of PTU were used during this study. In a first series of four tests, a concentration of 100 mg/L PTU was employed, but this concentration was reduced to 75 mg/L PTU during a later phase of the ring test. Chemical analyses of actual water concentrations of T4, PTU, and ETU were performed only in laboratory 5 in order to confirm the stability of all compounds during the static-renewal exposure regime used in this study [44] .
In the tail-resorption assay described by Fort et al. [28] , exposure had been initiated with tadpoles at stage 60 and taillength measurements provided the main endpoint in their assay. In order to assess the utility of this parameter in the XEMA test, the tail length additionally was determined for each tadpole at days 0, 7, 14, 21, and 28 of exposure.
Statistical analysis. Standardized data reporting forms were prepared and sent to all participating laboratories. Raw data were sent electronically by the participating laboratories to the Berlin laboratory. Statistical analyses of test data were performed using the software package Sigma Stat 2.0 (SPSSJandel Scientific, Erkrath, Germany). Tail length and WBL data were first analyzed for normal distribution (KolmogorovSmirnov test) and homogeneity of variance (Levene test). For normally distributed data, Dunnett's test was used to compare length data from the SC group to all other treatment groups. In cases where length data were not distributed normally, data were analyzed using the nonparametric Kruskal-Wallis test followed by Dunn's multiple comparison test to compare length data from the SC group to all other treatment groups. Developmental stage data usually were not distributed normally and the nature of these data suggests that calculation of mean values is not a meaningful method. Therefore, only nonparametric methods were considered for statistical analysis of developmental stage data. The Kruskal-Wallis test was used to determine whether significant differences existed between the developmental stage composition of treatment groups and, if indicated, Dunn's multiple comparison test was used for comparisons with the SC group. Differences in growth and developmental indices between treatments were considered significant at the level of p Ͻ 0.05. Percent mortality was calculated at the end of each test trial by dividing the total number of tadpoles that died in all tanks of a given treatment group by the number stocked in this treatment group.
RESULTS
Participation
A total of 10 XEMA test trials using ETU as a test substance were conducted in six laboratories (Table 1) . Four laboratories performed two test trials with ETU and two laboratories conducted only a single test with ETU.
Solvent control
In the SC group (0.01% DMSO), mortality during the exposure period of 28 d was very low (Table 2) . No mortality was detectable in the SC group in seven out of a total of 10 test trials. In this study, growth of tadpoles was assessed by means of WBL measurements. Body weight of tadpoles was not determined. At test initiation, mean WBL of tadpoles in the SC groups ranged between 16.5 and 24.5 mm (Fig. 1) . In Table 2 . Mortality following 28-d exposure of tadpoles to the indicated nominal concentrations of dimethylsulfoxide (DMSO), thyroxine (T4), propylthiouracil (PTU) 
all test trials, mean WBL increased until day 21 of exposure. In five tests, mean WBL increased until test termination at day 28 of exposure. The reduction in mean WBL between exposure days 21 and 28 as observed in the other five test trials was due to an increased number of tadpoles in the SC group displaying tail resorption at exposure day 28 (Fig. 1C) . Moreover, inspection of raw data revealed that the suitability of WBL as a parameter to assess tadpole growth should be limited to the initial 14 d of exposure, because several tadpoles already showed development beyond stage 61 by exposure day 21 in some test trials. Therefore, our analysis of possible effects of chemicals on tadpole growth focused on changes in WBL during the initial 14 d of exposure. The term initial growth rates is used throughout this paper to describe this approach of data interpretation. Comparison of results from measurements taken at exposure day 14 in different tests revealed that mean values of WBL spread over a large range from a minimum of 33.1 Ϯ 6.1 mm to a maximum of 51.7 Ϯ 6.2 mm ( Table 3) .
The developmental rate of tadpoles was assessed by means of stage determination according to Nieuwkoop and Faber [36] . During the exposure period of 28 d, tadpoles in the SC group displayed development to prometamorphic and early climax stages (Fig. 1A, Table 3 ). It was evident that, despite the use of a standardized protocol, differences in baseline developmental rates still existed across the participating laboratories (Table 3) . Median values of the developmental stage reached by tadpoles in the SC group at test termination ranged from 55 to 62 between laboratories (Fig. 1A) . In the tests performed in laboratories 1, 3, and 6, tadpoles showed somewhat higher basal developmental rates compared to tests in laboratories 2, 4, and 5. The results summarized in Table 3 further indicate a considerable interindividual variability in tadpole development as became evident from the range of stages to which the tadpoles developed during 28 d.
Thyroxine
A low concentration of T4 (1 g/L) was used as a positive control for TH agonist activity during the initial evaluation of the XEMA test protocol. This T4 concentration was nontoxic to premetamorphic tadpoles. Mortality was not observed in four tests and ranged between 1.1% and 5.6% in the other six tests (Table 2 ). Higher T4 concentrations (Ն5 g/L), as tested in preliminary range-finding experiments, caused rapid developmental changes but inhibited tadpole growth and resulted in much higher mortality within 28 d (data not shown). Results from WBL measurements at day 14 did not indicate differences in initial growth rates between the SC group and the 1 g/L T4 treatment group (Table 3) . At day 14, a significant reduction in WBL of T4-treated tadpoles compared to the SC group was detected in only one test in laboratory 2. Based on the analysis of developmental stage data, 1 g/L T4 caused a statistically significant acceleration of metamorphic development compared to the SC group in all 10 test trials ( Table 3 ). The enhanced development in the T4 treatment group was significant from exposure day 7 on throughout the entire testing period of 28 d. The effects of 1 g/L T4 on tail length were less consistent, if compared to the results from developmental stage determinations (Table 4 ). In two test trials, T4 treatment did not cause any effects on tail length compared to the SC group. In the other eight test trials, mean tail length at day 28 was significantly lower in the T4 treatment group compared to the SC group.
Propylthiouracil
As a positive control for antithyroidal activity, PTU was selected for the initial evaluation of the XEMA test protocol. Two concentrations of PTU were used during this study. In a first series of four tests, a concentration of 100 mg/L PTU was employed. Because growth-retarding effects were noticed at 100 mg/L PTU, the PTU concentration was reduced to 75 mg/ L PTU in a later phase of the ring test. Exposure to either PTU concentration did not result in increased mortality compared to the SC group (Table 2) . However, in comparison to the SC group, a significant reduction in initial growth rates of tadpoles was observed for both PTU concentrations (Table 3) . Both concentrations caused a complete inhibition of metamorphosis, which was evident from the observation that tadpoles did not develop beyond stage 54 within 28 d of exposure (Table 3) . During all test trials, retardation of metamorphic development by either 100 or 75 mg/L PTU was significant from exposure day 14 on throughout the entire testing period of 28 d. The growth retardation caused by PTU, as observed in nine tests, complicated the assessment of possible effects of PTU on tail length. Compared to the SC group, mean tail length in PTU treatment groups was significantly reduced at days 7 and 14 in nine out of 10 tests. At day 21, mean tail length in PTU treatment groups still was reduced significantly in five out of 10 test runs. At test termination (day 28), a significantly greater tail length in the PTU treatment group compared to the SC group was observed in only four test trials (Table 4) .
Ethylenethiourea
At the concentrations tested, ETU apparently was nontoxic to premetamorphic tadpoles. Exposure to ETU did not affect survival of tadpoles (Table 2 ) and, in most test runs, no effects of ETU on initial growth rates were detectable (Table 3) . In all 10 XEMA test trials performed with ETU, results from developmental stage determinations revealed a concentrationdependent inhibition of metamorphic development (Table 3) . Figure 2 shows a typical box plot of developmental stages determined at day 28 in laboratory 1 during the present study. The two highest ETU concentrations (50 and 100 mg/L) caused a complete inhibition of metamorphic development in all test trials as became evident from the observation that tadpoles did not develop beyond stage 54 within 28 d of exposure. Partial inhibitory effects were observed at lower ETU concentrations. In seven test trials, 25 mg/L ETU caused a strong retardation of tadpole development leading to significantly lower developmental stages compared to SC tadpoles by day 28. The inhibitory effect of 25 mg/L ETU did not reach statistical significance during two tests performed in laboratory 2 and during one test in laboratory 4. In contrast to the two highest ETU concentrations, 25 mg/L ETU did not completely inhibit metamorphic development but metamorphosis proceeded much slower compared to the SC group. In eight test trials, median values for the developmental stage of tadpoles in the 25 mg/L ETU treatment group ranged between 53 and 55 at test termination ( Table 3 ). The low median values indicate that a large number of tadpoles exposed to 25 mg/L ETU did not develop to prometamorphic stages within 28 d. However, it was observed that a certain number of tadpoles in this treatment group still were capable of developing to late prometamorphosis and even early climax stages, thus indicating a considerable interindividual variability in developmental responses of tadpoles to this partially inhibiting ETU concentration. Ethylenethiourea at 10 mg/L produced weak inhibitory effects, reaching a statistically significant level in only one test in laboratory 4 (Table 3 ). Lowest-observed-effect concentration (LOEC) values of inhibitory effects of ETU on metamorphic development were calculated from developmental stage determination data at day 28 (Table 3) . Within this ring-test study, LOECs ranged between 10 and 50 mg/L ETU, thus minimum and maximum LOECs differed by a factor of five. In six out of 10 tests, a LOEC of 25 mg/L ETU was determined. Intralaboratory comparison of LOECs for inhibitory effects of ETU on metamorphic development showed that replicate tests performed in laboratory 1 (LOEC: 25 mg/L ETU), laboratory 2 (LOEC: 50 mg/L ETU), and laboratory 3 (LOEC: 25 mg/ L) produced comparable results. A higher intralaboratory variability was observed for the replicate tests performed in laboratory 4 (LOECs: 10 and 50 mg/L ETU). In contrast to developmental stage determinations, tail-length measurements proved to be a far less sensitive parameter to detect inhibitory activities of ETU on metamorphic development during XEMA (Table 4) . Inhibitory effects of ETU (25, 50, 100 mg/L) on tail resorption, as indicated by a higher mean tail length compared to the SC group at exposure day 28, were detected only in five test runs (Table 4) .
DISCUSSION
The general aim of the present study was to develop the conceptual and methodological framework of a standardized amphibian testing approach for detection of thyroid systemdisrupting effects by environmental compounds. This issue was addressed by exploiting anuran postembryonic development as a biological model. The underlying idea of this amphibian metamorphosis assay is that potential thyroid systemdisrupting effects become evident in X. laevis tadpoles as morphological alterations during metamorphosis due to the obligatory dependence of normal metamorphic development on undisturbed function of the thyroid system [23] . Within this conceptual framework, it generally can be assumed that compounds that inhibit thyroid function or antagonize TH action cause reductions in developmental rates of tadpoles [29, 46] whereas substances that mimic or enhance TH activity accelerate metamorphosis [23] . Determination of developmental stages of X. laevis tadpoles by using the staging criteria of Nieuwkoop and Faber [36] was selected as the primary endpoint of this test protocol because stage determination provides an integrative and convenient means to assess treatment-related deviations from normal morphological development. In addition, growth and mortality of tadpoles were monitored because these endpoints should provide first indications of modes of action unrelated to the thyroid system. When developing the protocol for the XEMA test, special attention was given to a sensitive detection of both agonistic and antagonistic activities on TH-regulated metamorphosis. From an endocrinological perspective, the period from premetamorphosis throughout prometamorphosis was considered to be the most relevant developmental phase to be covered by the XEMA testing protocol. Although endogenous concentrations of TH are very low in premetamorphic tadpoles [39] , they display the competence to respond to exogenously administered TH by precocious induction of metamorphosis-associated biochemical and morphological changes [27] . Accordingly, initiation of exposure at premetamorphic stages (stages 48 to 50 in XEMA) was considered to be a prerequisite for a sensitive detection of the potential stimulating effects of compounds with thyromimetic activities. So far, only few studies investigated the potential of chemicals to exert thyromimetic activity by directly interfering with thyroid hormone receptor-mediated TH action in target tissues [17, 19, 47] . Recently, Kitamura et al. [17] reported that brominated and chlorinated bisphenol A derivatives compete with T3 for binding to the mammalian thyroid hormone receptor and display THmimicking activity toward TH-responsive gene expression under in vitro conditions. Furthermore, some hydroxylated metabolites of PCBs and bromodiphenyl ethers have been re-ported to bind with weak affinity to human thyroid hormone receptors [47] , and there is also some evidence of direct effects of PCBs on TH-responsive gene expression in fetal rat brain [10] . It should be noted, however, that the hypothesis of xenobiotic interference with TH action in peripheral target tissues has so far not been investigated adequately in experimental studies. Nevertheless, by assembling all the pieces of evidence obtained in various studies, we think that disruption of TH signaling should find adequate consideration as a possible mode of action when developing a testing strategy for thyroid system disruption.
It has been known for long that the precocious metamorphosis model offers considerable potential to reveal possible thyromimetic activities of compounds [48] . In order to assess the utility of the XEMA assay to detect compounds sensitively with thyromimetic activities, a low concentration of thyroxine (T4; 1 g/L), serving as a positive control for a TH agonist activity, was included in the exposure scheme of all XEMA tests performed during this ring-test study. The selected T4 concentration was remarkably nontoxic to tadpoles but always produced a significant acceleration of metamorphosis. In this respect, it should be noted that alternatively proposed amphibian testing protocols using tadpoles at later developmental stages (stage 60) such as the tail-resorption assay [28] were limited in their ability to detect stimulating effects even at higher concentrations of T4 or T3 [6] . The failure of TH treatment to enhance development relative to the untreated controls in assays using tadpoles at late developmental stages most likely was due to the high endogenous level of TH already present in these tadpoles and, thus, additional exogenous TH could not significantly affect the system. Regarding the detection of TH agonistic activities in X. laevis tadpoles, the superior sensitivity of premetamorphic stages, compared to early and late prometamorphic stages, also has been shown for the up-regulation of specific TH-responsive genes following short-term TH treatment [49] .
For the initial evaluation of the XEMA testing protocol, PTU was used as a positive control for antithyroidal activities. Propylthiouracil inhibits the synthesis of T4 in the thyroid gland by inactivating thyroid peroxidase [8] . In all tests performed during this ring-test study, PTU caused a pronounced inhibitory effect on metamorphosis. The observed inhibition of metamorphosis by PTU is consistent with the reported antithyroidal activity of PTU in mammals [8] and in X. laevis tadpoles [30] . By determination of developmental stages, inhibition of metamorphic development by PTU rapidly was detectable from exposure day 7 throughout the entire exposure period. The observation that the antithyroidal activity of PTU caused a pronounced and rapidly detectable inhibition of metamorphosis in X. laevis tadpoles, when exposure is initiated at early developmental stages, is in agreement with earlier studies using various goitrogens to inhibit metamorphosis [29, 50] . Together with the low mortality rates, the results from the positive control groups (T4, PTU) clearly demonstrate the practicability and general ability of a testing protocol covering premetamorphic and prometamorphic developmental phases to detect both stimulating and inhibiting effects on the thyroid system by means of monitoring metamorphic development in X. laevis tadpoles.
At the time of initiation of the XEMA evaluation study, the tail-resorption assay [28] was recommended by the Endocrine Disruptor Screening and Testing Committee as a Tier I frog metamorphosis assay [4] . Therefore, measurements of tail length were included as an additional endpoint in this study because of its proposed utility to detect changes in thyroid system function. Compared to determination of developmental stages, tail-length measurements provided a much less-sensitive and less-reliable parameter to assess changes in thyroid function in our study. This was not unexpected given that the XEMA testing protocol covers premetamorphic and prometamorphic developmental phases. Although one might argue that tail length measurements are of limited value to detect changes in thyroid function, there is at least one mode of action, namely the inhibition of type III monodeiodinase (D3) activity, where tail-length measurements may provide a valuable means of detection. During prometamorphosis, increased D3 expression in tadpole tail protects this tissue from precocious transformation in response to rising T3 plasma levels [51] . By using iopanoic acid, an inhibitor of all iodothyronine deiodinases [52] , the protective effect of D3 can be overcome, thus leading to precocious induction of tail resorption in tadpoles during late prometamorphosis (R. Opitz, Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Berlin, Germany, unpublished data), and increased rates of T3-induced tail resorption in tail-culture experiments [53] . Accordingly, before tail-length measurement is rejected completely as an endpoint, its possible diagnostic value to indicate changes in D3 activity should be explored.
Ethylenethiourea was used as a test substance during the initial evaluation of the XEMA test because of its reported antithyroidal activity in mammals [8] . To the best of our knowledge, this is the first study reporting antithyroidal activity of ETU in amphibian tadpoles. Ethylenethiourea is a common metabolite, breakdown product, and contaminant of ethylenebisdithiocarbamate fungicides [54] . It has been classified as a goitrogenic, carcinogenic, and teratogenic environmental contaminant [55] . A main target organ of ETU is the thyroid gland [34] . Mechanistic studies have shown that ETU is a potent inhibitor of T4 synthesis and that the inhibitory activity results from an inhibition of thyroid peroxidase activity [31] . In the XEMA test, a concentration-dependent inhibition of metamorphic development was observed for ETU. The highest test concentrations of ETU (50 and 100 mg/L) completely inhibited development at stages 53/54, indicating that these concentrations were sufficient to cause an almost complete inhibition of TH synthesis in X. laevis tadpoles. Lower concentrations of ETU (10 and 25 mg/L) also showed partial inhibitory effects on development. Although it is difficult to relate observations made in this study with results from mammalian exposure studies, our data indicate elevated sensitivity of the testing approach used in XEMA to detect the antithyroidal activity of ETU. Exposure of male Wistar rats for 28 d to 100 to 300 mg/ L ETU in drinking water caused significant reductions in serum T4 and T3 concentrations that were accompanied by elevated plasma thyroid-stimulating hormone levels, but these changes were not reflected in thyroid gland morphology when assessed by light microscopy [33] . Preliminary results from histological analyses of thyroid glands dissected from X. laevis tadpoles after ETU exposure during XEMA revealed morphological alterations at ETU concentrations in the lower mg/L range (R. Opitz, unpublished data).
The distinction between thyroid system-related and unrelated mechanisms altering metamorphic development is an important problem that needs to be investigated thoroughly in order to ensure the specificity of any metamorphosis assay for thyroid system-related effects. In this study, a first step was undertaken to address this issue by assessing the utility of growth parameters to serve as indicators of nonspecific mechanisms affecting tadpole development. Measurements of WBL were used to describe tadpole growth but the utility of this parameter was limited to the initial 14 d of exposure, because at exposure day 21, some tadpoles already showed signs of tail resorption with a resultant reduction in WBL. At the low concentration used in this study, T4 did not alter tadpole growth rates within the initial 14 d of exposure. It should be noted, however, that higher concentrations of T4 as used in preliminary range-finding experiments greatly reduced tadpole growth and survival while promoting faster development. For PTU, the effect pattern concerning tadpole development and growth was more difficult to interpret. Though strongly inhibiting metamorphic development, PTU treatment also reduced tadpole growth rates. The observed growth retardation in PTU-treated tadpoles was unexpected because results from several other studies suggested that even complete blockade of TH synthesis and thus, complete inhibition of metamorphosis does not necessarily inhibit growth of tadpoles [29, 44, 56] . Consistent with these observations, the antithyroidal activity of ETU was not associated with altered growth rates in X. laevis tadpoles in our studies. One possible explanation for the growth-retarding effects by PTU may be toxic side effects arising from extrathyroidal modes of action [57] . Therefore, it is concluded that chemically induced alterations in thyroid system function do not necessarily affect tadpole growth during pre-and prometamorphic development and altered growth rates may indicate the presence of additional toxic side effects that are not related to the thyroid system. In turn, the results from the PTU treatment indicate that alterations in tadpole growth cannot be regarded as a sufficient criterion to reject the hypothesis of thyroid system disruption as being responsible for changes in metamorphic development.
The inherent rate at which tadpole development proceeds is considered a key factor that may influence the results of any amphibian metamorphosis assay. Accordingly, establishing comparable rates of tadpole development across different laboratories is a prerequisite to generating reproducible data on effects of environmental chemicals on the developing amphibian thyroid system. Apart from the interlaboratory validation studies conducted for the Frog Embryo Teratogenesis Assay-Xenopus [58] , we could not identify published studies investigating the interlaboratory variability of growth and developmental parameters during X. laevis development. A review of the published literature revealed a considerable variability in inherent rates of growth and development of X. laevis tadpoles in different laboratories [29, 36, 59, 60] . Main sources of variability may be differences in animal husbandry techniques as well as genetic factors. In this study, the use of a testing protocol standardizing numerous abiotic and biotic factors determining tadpole growth and development (temperature, light:dark cycle, feeding regime, larval density, culture medium) provided the basis for an initial assessment of the inherent variability associated with tadpole development in the laboratory setting. A comparison of development and growth data obtained from the ring-test study showed that the use of a standardized testing protocol clearly could reduce the inherent variability of rates of tadpole growth and development between laboratories. Importantly, despite the fact that moderate differences in basal developmental rates still existed, all laboratories were able to detect the stimulating and inhibiting effects on metamorphosis produced by the positive controls T4 and PTU, respectively. Moreover, qualitatively and quantitatively similar results also were obtained for the test substance ETU, demonstrating the robustness of the XEMA test to detect both stimulating and inhibiting effects on metamorphic development across different laboratories. Nevertheless, a more robust exposure verification by chemical analysis is warranted in future studies to examine whether the remaining variability was due to biological factors or differences in actual water concentrations of the test compounds.
Determination of the developmental stage of tadpoles provides an integrated measure of chemical effects on metamorphic development that can be determined easily. However, apical morphological endpoints generally are considered to suffer from low sensitivity and specificity for detection of effects on thyroid axis functioning. Despite these limitations, the measurement of apical endpoints is a valuable and practicable approach given the specific purposes of this first evaluation study of the XEMA test. Nevertheless, we are aware that complementary analyses of histological, biochemical, and molecular endpoints are required to improve the assay regarding sensitivity, specificity for effects on the thyroid system, and diagnostic value for specific modes of action. Preliminary work showed that analyses of mRNA expression levels of thyroid hormone receptor ␤ in various tadpole tissues and thyroid-stimulating hormone ␤-subunit in the pituitary offer considerable potential to increase the sensitivity and diagnostic value of the XEMA test [49] . Another classical approach to detect antithyroidal activities of chemicals is histological analysis of the thyroid gland [24, 26, 30] . However, little is known about concentration-dependent changes of thyroidal histological markers in anuran larvae following exposure to thyroid-disrupting compounds. The analysis of the various histological criteria that may bear a potential to indicate changes in the functional state of the thyroid gland in X. laevis tadpoles currently is in progress.
CONCLUSION
In summary, a testing protocol was developed for a Xenopus metamorphosis assay, using X. laevis larvae as test organisms. A core element of the testing approach used in XEMA was that exposure of tadpoles is initiated at premetamorphic stages 48 to 50 and continued for a total of 28 d to allow development of tadpoles throughout prometamorphosis. This testing approach proved functional to detect the stimulating effect of a low concentration of T4 and the inhibitory effects of the known mammalian antithyroidal chemicals PTU and ETU. Determination of the developmental stages of the test organisms provided an endpoint to reveal the alterations in the thyroid system caused by these substances. The results presented provide evidence that chemicals known to inhibit thyroid function in mammalian animal systems are capable of affecting metamorphosis in X. laevis tadpoles, and that these effects clearly were detectable using simple and practical morphological endpoints in the XEMA test. The general interlaboratory transferability of the test protocol was confirmed in an international ring-test study. Critical parameters influencing the test results could be identified and a further refinement and optimization of the test protocol is proposed. Based on the data presented, the XEMA testing protocol is regarded a sensitive and easy-to-handle testing approach for the detection of thyroid system-disrupting activities of environmental compounds. Further studies are in progress to identify additional histological, biochemical, and molecular endpoint measure-ments that may help to refine the testing protocol with respect to its sensitivity and diagnostic value for thyroid system-related effects.
